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INTRODUCTION
Certain coastal zone activities require setting a seaward limit to the very active (littoral) zone of a sand beach; e.g., sediment budget calculations, submarine placement of beach fill, and design of coastal structures such as jetties.
In principle, repetitive measurements of waves and bathymetry can define the seaward limit at a site by establishing the water depth beyond which bottom changes caused by wave action are negligible. However, these data are costly and rare, so an estimate of the limit depth must often be obtained from other evidence or experience.
Silvester (1974) discussed physical data showing that extreme surface waves occasionally move bottom sands in water depths up to about 100 meters; i.e., over much of the continental shelves. However, reviewing geomorphological evidence, Dietz and Fairbridge (1968) concluded that waves intensively work fine, nearshore sands into a somewhat concave equilibrium profile extending to a water depth of 10 to 20 meters. This depth is the seaward limit to the active profile, supposedly related to wave climate for a particular site. Offshore of this depth lies a zone of less important sand transport by waves.
For these coastal zone activities, a calculation procedure using knovm wave climate might provide a useful estimate of this limit depth, in case definitive data are lacking.
This report proposes a procedure giving a minimum value for the limit depth to the seasonal onshoreoffshore transport cycle on sand beaches. The development is based on dimensional reasoning of the energetics of wave agitation of a sand bed, without detailed examination of sand transport processes. Although somewhat speculative, this approach arrives at a simple calculation procedure giving a limit depth for a shoaling two-dimensional wave with a certain height and period.
Calculated depths agree with the published laboratory and field evidence considered in Sections III and IV. II.
DEVELOPMENT OF THE CALCULATION PROCEDURE
This development considers wave energy density in terms of two dimensionless parameters.
The first parameter (eq. 1) has documented pertinence to the onset of sediment movement as a bedload. A second parameter (eq. 2) , similar in form but numerically smaller, is hypothesized to describe the onset of intense bed agitation, characterized by sediment entrainment into the wave flow beyond a thin near-bed layer.
Silvester (1974) presented the empirical expressions derived by various investigators of the motion threshold on a flat sediment bed. An important factor in each expression is the sediment mobility parameter: CD (gY'D) where U, = the maximum wave-induced horizontal velocity near the bed g = the acceleration due to gravity D = the sediment diameter y' = the razio of the density difference between sediment and fluid to the fluid density
Equation (1) gives the peak near-bottom wave energy per unit sediment grain volume, divided by the energy required to raise an immersed grain against gravity a distance equal to half its diameter (Nayak, 1970) . Although the motion threshold cannot be described solely in terms of <l>^, sediment generally begins to move when this number becomes larger than one (Komar and Miller, 1973) . Lofquist (1975) observed that $^measured the intensity of sand motion in his tests with a rippled bed; the motion threshold was near $^= 2.4, the ripple crests became less distinct for $^> 10, approximately, and, for larger $^, vortices of fluid and entrained sediment became increasingly evident, indicating more intense bed agitation. These results show that % "^1 indicates the beginning of sediment mobility by describing energetics in a thin layer near the bed.
After sediment grains begin to move, wavy bed features form. These features are caused by grain flow, but liquid flow of high inertia can scour these features from the bed (Bagnold, 1956) .
Because a plane (intensely agitated) bed usually occurs in and near the surf zone (Inman and Bagnold, 1963) , a criterion for the seaward limit to the active beach might be based on a parameter measuring the energetics of intense bed agitation.
Available research results (reviewed briefly in App. A) indicate that grain diameter has a weak influence in intense agitation of fine sand beds, suggesting that another Froude number, like equation (1), be used with a larger length scale replacing D.
It is hypothesized that intense bed agitation is described by the sediment entrainment parameter:
where e is a number less than one and d is water depth.
(The choice of the length scale replacing D is discussed in App. A.) When $g reaches one, the wave energy density is sufficient to raise a grain a distance ed/2, taken to be appreciable fraction of the water depth and much greater than D/2 for fine sands (D<0.4 millimeter).
Equation (2) and a coupled pair of quantitative assumptions perniit calculating a maximum water depth for intense bed agitation by shoaling waves.
Taking^^= 1 and using linear wave theory, equation (2) may be written as
where H is wave height, L is wavelength, and dg is the limit depth. To assist selecting a reasonable magnitude for e, the case of maximum wave steepness (eq. 100 in Madsen, 1976) is examined: (3) and (4) for four values of e with y' = 1-6 (quartz sand in freshwater or saltwater). For the present purpose, e = 0.03 seems the proper magnitude. The limit depth then remains well beyond the breaker depth for a steep wave, and the limit to the active profile generally lies seaward of the breakers. This e is also large enough that the previous assumption of ed>>D can be easily satisfied for fine sands. Based on these considerations, "t^= 1 with e = 0.03 agitation. is taken to indicate the limit depth of intense bed With these assumptions, equation (3) can be rewritten as K sinh2 5 tanh^, (l . _^^) = 205.6 (^) (5) where K, = (2TTdg/L), Hq is wave height in deep water (d/L>0.5), and Lq = (gT^/2Tr) is wavelength in deep water. The dashed curve in Figure 1 solves equation (5) .
For wave steepness greater than 0.015, the difference between H and H^is less than ± 10 percent, according to linear wave theory. Ignoring this shoaling wave height change, equation (5) takes the simpler form:
? sinh2 E. tanh C = 205.6 (-V (6) where the omitted terms are on the order of (0.002 B,^^) . The solid straight line in Figure 1 shows the solution of equation (7) if only the first term on the left-hand side is retained; the dotted curve shows the solution of equation (7) where the other terms are appreciable; the solution of equation (6) lies between the dotted and solid curves. According to this development, the maximum water depth for intense bed agitation may be obtained for a certain wave condition by reading the corresponding This development has considered the ideal two-dimensional situation of a monochromatic wave shoaling according to linear wave theory. Grace and Rocheleau (1973) concluded that available field measurements indicate linear wave theory " ... provides an excellent prediction of the sample mean, near-bottom water velocity beneath the crest of long design-type waves...." LeMehaute, Divoky, and Lin (1968) reported laboratory measurements showing linear wave theory accurately gives Uj, in near-breaking waves. Thus, linear wave theory is a convenient and accurate first approximation in the problem considered. III.
COMPARISON OF CALCULATED RESULTS WITH LABORATORY PROFILES
The results from a laboratory test of profile development with a constant wave condition incident on an initially plane slope of fine sand are shown in Figure 2 . Changes in profile shape become minor after a large number of waves, and many "equilibrium profiles" have been published for various test conditions (see App. B) . Frequently, these profiles exhibit a long, slightly sloping terrace (as in Fig. 2 ) , caused by offshore deposition of sand eroded from the initial slope above a certain depth . Raman and Earattupuzha (19 72) pointed out the existence of stable points occurring in wave development of a sand bed profile.
If the waves Chesnutt and Galvin, 1974) . cut a terrace, the well-defined water depth, d^, at the seawardmost stable point indicates the elevation of the terrace (Fig. 2 ) . Measured values of dc from published profiles will be compared to dg , calculated using Figure 1 (eq. 5), because -dg has been hypothesized to indicate the limit depth of intense bed agitation, revealed by the nearly horizontal profile feature developed at the cut depth. Figure 3 plots the measured d^against the calculated dg for 27 published profiles from 7 laboratory studies including tests with fine sands (D<0.4 millimeter).
(Twenty other profiles obtained in these studies did not show an ideal terrace, although test conditions were similar; see App. B,) There is some scatter, but the 27 pairs of calculated and measured depths have a correlation coefficient of 0.936, implying a linear relationship between da and dg is certain (Freund, 1962 ).
On the average, the calculated limit depth is 3.6 percent greater than the water depth at the cut into the initial slope. This good agreement between calculation and measurement occurs for a wide range of wave conditions, with 0.0039 £ H^/L^£ 0.071 (see App. B for test conditions).
The reduced scale of these laboratory tests, compared to natural prototypes, should not be important for the present comparison, because the threshold of intense bed agitation is evidently crossed in th.e terrace zone of the laboratory tests.
Also, the calculation procedure is based on wave energy per unit sediment grain volume, and fine sand occurs both in the laboratory tests and in the offshore region of natural beaches. Limited verification of the unimportance of scale effects on the cut depth in a plane sand slope is provided by several profiles obtained by Saville (1957) in large-scale laboratory tests. Saville's test number 5 had the largest ratio of water depth to wavelength, with waves 4.8 feet high in a 15-foot Stillwater depth and a 3. 75-second wave period; dg = 8.3 feet is obtained for this condition. Figure 4 shows the unpublished profiles developed with sand of 0.22and 0.46-millimeter diameter. Although there is no clear terrace development, the initial slope is eroded onshore of water depths from 7.0 to 8.8 feet, with offshore deposition in both cases. Judging from this evidence, the calculation procedure provides an accurate estimate for the limit depth of intense agitation of a fine sand bed by waves.
IV.
APPLICATION TO NATURAL BEACHES
The natural beach profile adjusts seasonally in response to wave climate with relatively little loss of sand from the nearshore over an average yearly cycle. Subaerial profile erosion by storm waves can be notable, but most eroded sand remains in relatively shallow water and is carried onshore by less steep waves.
Bruun (1954) and Winant, Inman, and Nordstrom (1975) analyzed southern California data showing that the submarine profile beyond the 5to 10-meter water depth is accurately described throughout the year by a constant function. Unpublished profiles developed in Saville's (1957) large-scale test number 5
The limit depth of interest is the offshore edge of the region participating in the yearly onshore-offshore cycle of sand transport. With the rationale that extreme storm waves will carry sand beyond the limit depth, removing it from the cycling system, this yearly limit depth can be estimated using the previoios development with a yearly extreme wave condition typical of a specific site.
A representative extreme might be the high waves expected to give extreme bottom velocity for 12 hours per year.
Considering nearshore wave measurements in Thompson (1977) , the 10 design wave conditions in Table 2 were selected as a representative range for exposed U.S. coasts. The table shows that the limit depths calculated, using equation (6), are all roughly twice the input wave height. This direct dependence on wave height and the fine trends of the calculated results are in agreement with an approximate form of equation (6) . Retaining only the dominant first term on the left-hand side of equation (7) leads to the expression:
For the 10 conditions in Table 2 , at a given wave height, the calculated limit depth increases above twice the wave height as wave period or Lî ncreases; at a given wave period, the calculated depth drops below twice the decreasing wave height. Equation (8) gives a depth within 3 percent of that obtained using equation (6) for these conditions.
The calculated results (Table 2) show general agreement with other published conclusions concerning the limit depth to the active beach (Bruun, 1954; Dietz and Fairbridge, 1968;  Winant, Inman, and Nordstrom, 1975) .
Some unpublished bathymetry studies at the Coastal Engineering Research Center (CERC) resulted in conclusions summarized by Duane (1976) .
Repetitive profiles superposed, revealing little bed change beyond these approximate depths: 15 feet for the Great Lakes, 20 feet for the U.S. Atlantic coast, and 25 feet for the southern California Pacific coast.
Design wave conditions 2, 5, and 8 in Table 2 would be reasonable first choices for these three locations, and the calculated depths agree with the stated limit depths, so it appears the proposed calculation procedure may give an accurate estimate of the yearly seaward limit to the active profile.
Further evaluation of the proposed calculation procedure can be made using bottom changes offshore of La Jolla, California, which have been intensively investigated by the Scripps Institution of Oceanography. Shepard and Inman (1951) reported bathymetric survey data establishing significant bed cut and fill to water depths of at least 100 feet; however, "On the outer shelf the movement takes place more parallel to the shore than normal to it." Inman and Rusnak (1956) measured ranges in sand level over a 3-year period. In mean water depths of 18, 30, 52, and 70 feet, ranges were (>2) , 0.29, 0.16, and 0.15 foot, respectively, and a seasonal trend in sand level was detected at the 30-foot depth, but not at the two deeper stations. (1975) conducted a study of wave climate and beach response at Torrey Pines Beach, north of La Jolla; beach profiles were measured at approximate monthly intervals during June 1972 to April 1974 . Pawka, et al. (1976 reported the wave climate recorded by offshore pressure sensors up to four times daily from February 1973 to May 19 74. During the study, Torrey Pines Beach underwent seasonal changes in configuration related to changes in wave regime. High-energy winter waves removed sand from the subaerial beach and deposited it offshore at depths less than 30 feet below mean sea level (MSL) .
Low-energy summer waves returned sand to the subaerial beach from depths less than 20 feet below MSL. Figure 5 shows the offshore survey data along the three ranges during the Torrey Pines Beach study (App. B in Nordstrom and Inman, 1975) . Measured sand level changes were less than 2 feet beyond a water depth of about 21 feet relative to MSL, and less than 1 foot beyond a water depth of about 26 feet relative to MSL. These fathometer profile surveys have a stated accuracy of ± 1 foot, so recorded changes less than 1 foot indicate profile closure. The reference rod arrays at 24 feet below MSL showed ranges in sand level of 1.2 to 1.5 feet during the study; arrays at 33 feet below MSL showed ranges of 0.2 to 0.4 foot, with a stated measurement accuracy of 0.3 foot. These data show that 26 feet below MSL is the limit depth to the active profile at the study site.
A characteristic yearly design wave should be chosen considering both the breaker observations tabulated in Appendix D of Nordstrom and Inman (1975) , and the offshore wave measurements tabulated in Appendix D of Pawka, et al. (1976) .
Among the 470 daily observations during 23 months, 10-foot-high breakers were noted three times, with a 14-second period on 12 February 1973, an 18-second period on 28 February 1973, and a 10-second period on 18 April 1973. Among the 657 wave measurements during 16 months, the most energetic condition was reported as 3,840 square centimeters, centered at a period of 14.2 seconds on 12 February 1973; this energy level corresponds to a significant deepwater height of 7.2 feet, and a significant height of 8.0 feet in a 33-foot depth. The density of either wave data set is not sufficient to make the extreme tabulated condition represent a 12-hour per year duration, so a higher wave should be chosen as the design condition. A nearshore height of 10 to 11 feet and a period of 10 to 18 seconds seem appropriate design wave conditions for this locality.
For these conditions, equation (6) gives depths of 20.3 to 23.9 feet.
At Torrey Pines Beach, mean lower low water is -2.7 feet relative to MSL; adding this possible tidal effect to the calculated depth results in a limit depth estimate of 23.0 to 26.6 feet relative to MSL.
Thiis , the proposed calculation procedure gives an accurate estimate of the actual limit depth to the active profile in this case.
V. CONCLUSION
Using the number introduced in equation (2) and several quantitative assumptions, the water depth at a hypothetical seaward limit of intense Factors ignored in the presented development, such as tidal currents, sand size, and bottom slope, can clearly be pertinent to the limit depth of the active beach, but wave height and period have long been recognized as dominant factors in beach processes. Crucial and somewhat arbitrary choices are taking $g = 1 and e = 0.03 in using equation (2) . Since the calculated limit depths for natural beaches are about 30 feet, (edg/2) is about 0.5 foot and the wave energy can raise bed sand above large, natural ripples with heights up to 0.5 foot (Inman, 1957) .
Thus, the criterion used for intense bed agitation is internally consistent with calculated results.
Calculated depths agree with measured water depths over the terrace frequently cut into plane slope of fine sand by constant laboratory wave action.
For high waves expected 12 hours per year, calculated depths agree with previously published conclusions on the yearly limit depth to the active beach profile. With a more extreme wave condition as inputs the calculation procedure could provide an estimate of the seaward limit over a longer period; however, field data are not available to check such an estimate.
The present results encourage further evaluation of the proposed calculation procedure. KOMAR WINANT, CD., INMAN, D.L., and NORDSTROM, C.E., "Description of Seasonal
Beach Changes using Empirical Eigenfunctions," Journal of Geophysical Research, Vol. 80, No. 15, May 1975 , pp. 1979 -1986 . APPENDIX A
CHOICE OF LENGTH SCALE IN SEDIMENT ENTRAINMENT PARAMETER
Published results for oscillatory flow over horizontal sediment beds indicate grain diameter, D, has a weak influence on the transition from a gently agitated, rippled bed to an intensely agitated bed with lesser bed forms. Mogridge and Karaphuis (1972) reported wave tank and water tunnel tests showing that bed-form height reaches a maximum and then steadily decreases with increasing A/D, where A is near-bottom horizontal fluid orbit diameter; the maximum bed-form height depends primarily on A and only slightly on D. Chan, Baird, and Round (1972) reported tests in a small-diameter pipe showing a well-defined transition from a rippled bed to a regime of intense bed agitation with surface particles in motion throughout the oscillation cycle. The empirical expression for this transition is
where (i) is oscillation frequency, v is kinematic fluid viscosity, and D occurs as a relatively weak factor.
The sediment mobility parameter (eq. 1) is a function of wave height and period, water depth, and grain diameter. In writing the sediment entrainment parameter (eq. 2) , replacing D by ed constitutes a direct approach to clarifying the algebraic dependence of the limit depth, dg , on wave hei^t and period, combined in CHo/L^) . Because definitive data on sediment entrainment are lacking, any choice for the length scale in the denominator of this Froude number must be tentative on physical grounds.
Four lengths naturally occur in a shoaling wave: H, d, L, and A. For the four possible expressions, Table A -1 shows the resulting functional dependence of limit depth on wave steepness (corresponding to eq. 6), and the value of each expression at C = 0.9 divided by its value at ? = 0.3, the important range of limit depth. .Using ed for the length scale gives calculated results in agreement with experimental evidence over a wide range of ? or H^/L^ (Fig-3 and App. B) , so the other possible choices cannot, because the other values in the last column of Figure 3 is 47 published profiles from 7 laboratory studies with constant wave action on an initially plane slope of fine sand. Table B -1 lists these profiles from seven references. Column 1 gives the original test identification.
Column 2 lists the slope of the initial plane beach; values in parentheses indicate the slope was truncated by a steeper offshore slope. Column 3 gives the sand diameter, and column 4 gives the time elapsed in forming the profile.
Columns 5 and 6 list the wave condition;^o^^o^^^calculated using linear wave theory and the reported condition, where necessary.
Column 7 lists the maximiim water depth in the test tank in the dimensionless form d^/L^, where L^is the maximum wavelength in the tank. Column 8 gives the limit depth calculated from equation (5) for the listed H^/L_; value in parentheses indicates the calculated depth is equal to or greater than the column 7 depth. Column 9 gives the calculated limit depth, dg, imless parentheses occur in column 8.
Column 10 gives the cut depth, d^; value in parentheses indicates the cut depth is uncertain, and a dash indicates no clear cut occurred.
Column 11 gives the percentage difference between dg and d^; the 27 values not in parentheses are the tests included in Figure 3 .
Column 12 lists subjective profile classification. 
